Abstract-Previous studies of the line profiles of the basal reflections of microcrystalline muscovites were refined by an adaptation of the method developed by Maire and Mrring. In order to evaluate the variation of interlayer spacings, the method required only relative values of Fourier coefficients, without the correction for instrumental broadening, which was the source of one of the moist critical problems previously. Instead of Ka radiation, K/3 radiation was used to record line profiles since difficulties associated with the separation of Kal and Kaz radiations could not be overcome satisfactorily.
INTRODUCTION THE 00l DIFFRACTION line profiles of microcrystalline muscovites were analyzed (Kodama, 1965) to obtain information concerning the structural imperfection involving variable interlayer spacings. The present paper improves and extends that study.
As compared with the ideal composition of muscovite, the chemical composition of the microcrystalline muscovites may be characterized by a slightly high content of Si and by a slightly low total population of interlayer cations, indicating a very limited amount of solid solution of the type, KAI --> Si. Besides this, there was no appreciable excess of structural water and no detectable expanding or hydrated layers. Considering that a certain range of compositional variations is also observable among macroscopic muscovites, the limited solid solution may not be significant for specifying the minerals. Consequently, the very fine size of the microcrystailine muscovites would seem to be the most significant difference from the macroscopic muscovites.
*Joint contribution, No. 380 S.R.I.). tOn leave from the Soil Research Institute, Canada Department of Agriculture, Ottawa, Ontario, for oneyear transfer of work (1969) (1970) .
In spite of their mutual resemblance and their close similarity to ideal muscovite, the microcrystalline muscovites give a considerable variety of diffraction broadening of the basal reflections. The earlier work aimed at interpreting the broadening revealed that the line broadening was due not only to a small particle-size effect, but also to crystal defects as deduced from the deviation from the properties of an ideal muscovite-layer (Kodama, 1965) .
Although the previous results were obtained by the application of the Fourier transform followed in the well-established Houska-Warren method (1954) , the following factors may have introduced significant errors: (1) the use of a muscovite flake as a standard for the instrumental line broadening correction, when the specimens studied were all powder samples, (2) the effect of unseparated Kcq and Ka2 radiations on line profiles, (3) the unavoidable "umbrella effect" in the low angle region where the first order basal reflection appears, (4) the direct effect of the error due to the normalization of the Fourier coefficients on the estimation of the distortion. These factors have been reconsidered, a refinement has been undertaken and the results obtained are presented herein.
In their study on the graphitization of carbon, Maire and Mdring (1958, also Maire, 1967) pro-405 posed an improved method for analyzing the modulation function Gnk(Z), which will be defined later. It represents a modification of the HouskaWarren method (1954) with which the previous study (Kodama, 1965) was done. The MaireM6ring modification, adapted to layer silicates in the present investigation has the advantage that it can be handled rather simply and yet the potential errors can be avoided or diminished.
For the sake of clarity, the derivations of the equations for the diffraction theory are repeated briefly and reorganized here to fit the analysis of clay minerals (layer silicates) in general.
THEORETICAL TREATMENT Consider one crystallite consisting of N parallel layers of muscovite whose translation vectors are a, b in the layer, and e normal to the layers.
The position of the origin of the unit cell mxm2 of layer ms is given by Rm = mla+ m2b+ m3c+ A(ml m2 m3)
where A(m~ m2 m3) is the displacement of the unit cell rnl rn2 m3 that allows for distortions within the crystallite. Let s be the diffraction vector defined s= (S-So)/h where So and S are unit vectors in the directions of the incident and diffracted beams, respectively. Since the structure of a given single layer corresponds to its Fourier transform d~(s) the intensity in electron units for one crystallite consisting of N layers is given by leu = ~b(s)~b(s)* ~m ]~ m, eXp [(2zris) (R,,--Rm,)].
(1)
The intensity observed is the sum of the averages of the intensities diffracted from each of a large number of crystallites. Assuming that the interference between crystallites is incoherent and that the distortions are too small to change the structure factors significantly for all unit cells, the average intensity for each layer is then given by
By letting rn= l~--Rm, where n = Im--m'] and by grouping the double sum of equation (2) into two terms of n = 0 and n # 0, equation (2) can then be arranged in the following form; 
where Re means the real part of the complex quantity. For (001) reflections, the scalar product sr. can be replaced by Zz~ where Z is a continuous variable along the reciprocal line (00) and z. is the interlayer spacing between an arbitrary layer and its nth neighbour. Since the number of layers (N) generally varies from one crystallite to another, the weight fraction, aN, of crystallites consisting of N layers is introduced, then the modulation function for the basal reflections can be expressed by
If there is no correlation in the succession of elementary spacing the average of the product is equal to the product of the averages (M6ring, 1949) .
Let 8 be the difference between any elementary spacing and the mean spacing d001 between two successive layers. Then:
and one point that is located on the reciprocal line can be determined using the following expression with any integer 10.
Z= /o +t d0ol "
Thus exp (2~riZzl) of equation (5) expands to exp (2*ri10)• exp (2zriloS/dooO exp (27ridool 9 t) exp (27titS). Since the quantities t and 8 are both small, exp (2,tit) ~ 1, and exp (2~rilo) = 1, then equation (5) becomes
Since 8 is small, the exponential will be approximated equal to the first three terms of its expanding power series.
By definition, the value of~ is zero, so that
Equation (6) indicates that the modulation function Goo(Z) can be expressed by two separate terms, one of which includes distortions and another which does not include distortions. It is conceded that there is no correlation between crystallite size and distortion, equation (6) can be replaced by
N~ where H, = J,,~ as [ (N -n) /N ] for a given value of n, which is equivalent to the probability that the nth layer with respect to an arbitrary layer is found in any one crystallite. The equation (7) indicates that the profile G~to(t) of each basal reflection (0010) is represented by the Fourier series, whose coefficients of the nth order are
Equation (8) 
In equation (9), if the difference of the two logarithms changes linearly with n, the hypothesis that the succession of elementary spacings is independent of the succession of neighbouring spacings is justified. Hence if the linear relationship is established, ~ could be calculated from the slopes of the straight lines.
Remark I
Since the Houska-Warren method involves plotting inA,(00/0) againsl~ lo 2 for two successive basal reflections and extrapolating the plots to lo = 0 for In H, the error due to normalization of the Fourier coefficients directly affects the results. The major advantage of the present method is that it is based on the difference between the Fourier coefficients for two successive basal reflections and consequently the normalization error does not change the tangents of the straight lines.
Remark 2
Although it is expected theoretically that the straight line determined by equation (9) should intercept the origin, many practical cases show that the lines do not pass exactly through the origin. This is because the intensity measurements at the base of a diffraction peak are never sufficiently precise to provide the Fourier coefficients free from errors due to the normalization procedure. As stated in Remark 1, however, the method depends on only the relative values of the coefficients, so that the errors do not affect the slopes of the lines and the values are not affected.
Remark 3
Using the same arguments as in Remark 2, the present method eliminates practically the effect of the instrumental broadening on the determination of ~. In the previous study a muscovite flake was used as a standard for the instrumental broadening correction. Because the samples investigated are powder the use of a muscovite flake as a standard would introduce a certain error. Since it is almost impossible to obtain a powder sample of macrocrystalline muscovite which gives neither strain or particle-size effects on its line profiles, the present method which avoids the correction is attractive.
Remark 4
The term, H~, concerning particle-size can be deduced from equation (8) 
EXPERIMENTAL

The specimens for study
For the purpose of the present study, four microcrystalline muscovite samples of hydrothermal origin were selected on the basis of their purity and of the different degrees of line broadening. Two of these samples had previously been investigated and two others were newly added. The samples were separated by sedimentation into the-20/x fraction. X-ray examinations indicated the absence of any heterophase crystalline impurity and no detectable expanding layer as a component in the fractionated specimens. The types of polymorphs, mean interlayer spacings and b-dimensions were determined from the X-ray diffraction data. The results are all listed in Table 1 with the chemical data.
In order to obtain the best diffraction profiles of basal reflections, well-oriented specimens on glass slides were carefully prepared.
X-ray diffraction technique
Regardless of the type of polymorphism of the microcrystalline specimens, the Ith order basal reflection is simply represented by 001 reflection. Line profiles were obtained with a CGR X-ray diffractometer (Compagnie Grnrrale de Radiologie) with Cu radiation. A system of fine slits where the heights of the slits had been reduced was employed to minimize the umbrella effect (Nelson, 1955) . Since the effect of the angular separation, Kc~l-Ko~2, on the line profile is serious and since there is no available means separating them experimentally in the range of angles to be investigated, CuK/3 radiation from unfiltered Cu radiation was used. The relative intensity ratio of Kal (1.54051 .~): Ka~ (1.54433 A): K/is (1 "39217 .A): K/32 (1 "38102/~) at the copper target surface is 100:46:15.8:0.15 (Compton and Allison, 1963) . Unlike Ka~ and Kaz, the contribution of K/3z to the K/3~ is negligible, and the use of CuKfl would eliminate the intricate correction for the deformation of line profiles due to the doublet Ka~ -Ka2.
The theory required two successive 00/reflections, and the 002 (5 fi~) and 003 (3.33 A) reflections were chosen for the following reasons: (1) It was almost impossible to eliminate the umbrella effect from the 001 reflection; (2) the 002 and 003 reflections by K/31 radiation were sufficiently separated from the equivalent Ka reflections that there are no overlaps at the bases of the peak; and (3) The intensity of the 004 reflection was too weak to be used practically.
The intensity measurements were done by an electronic counting technique at intervals of 0.005 ~ (O) where the intensities were higher than about a half-peak height, and at intervals of 0.01 ~ (0) elsewhere. The counting time was selected so that the statistical error of the counting remained less than 1 per cent. Line profiles for analysis were constructed by plotting the intensity data against diffraction angles. After checking that each line profile was symmetrical, the right-hand side of each line profile was reproduced against the reciprocal function, t = d* = I/d= 2 sin0/h and the resulting curves were followed by normalization and Fourier transform according to the procedure summarized in the preceding section. These computations were carried out with an electronic computer. Figure 1 shows the normalized line profiles of the 002 and 003 reflections, which were obtained by equalizing the area of 002 reflection to that of 003 reflection. The normalized line profiles correspond to the function Gooto(t) from which the Fourier coefficients A,(O01o) were determined. The coefficients were normalized to the condition A0(001o) = 1 and plotted vs. the harmonics n (Fig. 2) . Figure 3 shows the difference between the Naperian logarithms of A~ (002) and A~ (003), as a function of n. The difference changed almost linearly with n with each specimen except for slight harmonic variations, and the values of ~ were calculated from the slopes of the straight lines according to equation (9) . These values of 62 were; 0 for specimen N 0-00926 for specimens Y and M and 0.0358 for specimen S.
RESULTS AND DISCUSSION
The probabilities, Hn, were calculated from equation (8) using 62 and the Fourier coefficients An (002), since the approximation used for the derivations was more nearly valid when the lower lo index was used. The average number of layers, N, was evaluated from the slope of the linear portion of the variation curve for Hn, where n was small (Fig. 4) . The reciprocals of the slopes for the four specimens gave values between 22 and 28 elementary layers for the average number of layers IV. Although the instrumental broadening could affect the values of H,, it is probable that all specimens consist of crystallites whose average thicknesses are all about the same.
By definition, the parameter 62 is the mean square of the variation of the interlayer-spacings. The variation may be caused by, (1) lattice distortions within the layer of muscovite, (2) an imperfect relationship between nearly perfect layers of muscovite and (3) a combination of both imperfections. There is no direct way to determine which alternative holds and the relationship of ~ to the crystallochemical data was explored. A good linear relation was obtained when the values of (g~)~n were plotted vs. the total number of interlayer cations (Xl,t.) as shown in Fig. 5 . This correlation suggests that the observed distortions can be attributed mainly to non-uniform interlayer spaces rather than to lattice imperfections within silicate layers themselves.
SUMMARY AND CONCLUSIONS
(1) The theory developed by Maire and M6ring was applied to the analysis of X-ray diffraction line profiles of basal reflections of four microcrystalline muscovites. The method did not require a correction for instrumental broadening which eliminated the major weakness of the' previous study. (2) The mean_square of the variation of interlayer spacings, 82 , i.e. the deviation from the ideal muscovite dool spacing, was 0 for specimen N, 0.00926 for specimens Y and M and 0.0358 for specimen S.
(3) The values, (g~)~/2 increased linearly with a decrease in the total interlayer cations, which suggested that the observed distortions could be attributed mainly to non-uniform interspaces between silicate layers which might have been due to an irregular distribution of interlayer cations.
(4) Since it is reasonable to assume that the effect of instrumental broadening on the line profiles of the basal reflections of the same order was uniform over the specimens, the estimated values for the mean number of layers N could be treated as relative figures. Thus the data indicated that crystallites of all specimens consisted probably of similar numbers of layers.
(5) In order to test the hypothesis deduced from the results (3) above, the line profile analysis of a wider range of samples is required.
(6) In view of the difficulty in obtaining data concerning structural disorder (see Mitra, 1963) , this rather simple procedure of the line profile analysis could provide useful and interesting results.
REsumE-Des
Etudes antErieures portant le profil des rEflexions basales des muscovites microcristallines ont Etd raffindes h l'aide d'une adaptation de la m&hode dEveloppEe par Maire et MEring. Afin d'Evaluer la variation des espacements inteffeuillets, la mEthode nEcessite seulement la connaissance des valeurs relatives des coefficients de Fourier, sans correction pour rdlargissement instrumental, ce qui dtait prdcEdemment la source d'un des problEmes les plus critiques. Etant donne que les difficultEs assocides ~ la separation des raies Kc~l et Kaz n'ont pas pu 6tre surmontEes d'une fa~on satisfaisante, on a utilisE, pour enregistrer les profils, la raie Kg au lieu de la raie Ka.
Les rdsultats ont confirmd h nouveau clue rElargissement des rEflexions 001 n'est pas dfi seulement qu'~ un effet particules de petite taille, mais aussi h des dEsordres de la structure impliquant la variation des espacements interfeuillets. Pour les quatre dchantillons 6tudids, les cartes moyens de la variations des espacements interfeuillets varient de 0 h 0,0358; les racines carrEs des espacements sont inversement proportionnelles au nombre total de cations interfeuillets. On considEre que les distorsions observEes sont essentiellement dues h l'existence, entre les couches de silicate, d'espaces interfeuillets non uniformes provenant d'une distribution irrEguliEre des cations interlamellaires. Les rEsultats indiquent dgalement que les cristallites des quatre dchantillons sont formEs par un nombre similaire de feuillets. La mEthode appara$t prometteuse pour rEtude de la nature et de l'Etendue des ddsordres de la structure des micas ou d'autres phyllosilicates.
Kurzreferat-Friihere Untersuchungen der Linienprofile der Basisreflexionen von mikrokristallinen Muskowiten wurden durch Anwendung der Methode nach Maire und Meting weiter verfeinert. Zur Beurteilung der }/,nderung von Zwischenschichtenabst~inden erforderte die Methode nur Relativ-
